and enables the drive to operate from zero speed to field-weakening mode. As the drive speed falls to zero, the drive again transitions to start-up mode, so that it can be smoothly started again. The performance of the start-up scheme has been verified on a 100-kW electric vehicle drive.
I. INTRODUCTION
The speed and flux sensorless vector control of induction motor drive is currently receiving wide attention in the literature. In spite of extensive effort, precision synthesis of speed-and flux-vector signals yet remain a challenge today, particularly near zero-speed operation. Among different types of vector control, the direct vector control with stator-flux orientation [1] is very attractive, because the feedback signal estimation accuracy depends only on the stator resistance variation, which can be compensated for somewhat easily. Besides, the signal voltage behind the stator resistance that is to be integrated for flux-vector estimation is somewhat larger than that for rotor-flux estimation, which becomes particularly beneficial near zero speed. A new method of integration, called programmable cascaded low-pass filter, has been proposed in the literature [2] , [3] and works well with voltage model feedback signals from zero speed, but with finite developed torque (i.e., slip frequency). However, the drive is not self-starting and, if an attempt is made to start directly with this control, severe torque pulsation will occur (see Fig. 3 ). A method of solving the problem is to start the drive with stator-flux-oriented indirect vector control that does not use a speed sensor [3] and then transition the drive to direct vector-control mode as speed begins to develop where it receives the flux-vector signals estimated from the machine terminal voltages and currents. This method is somewhat difficult to implement, and it introduces large torque jump during mode transitions.
This letter describes zero-speed start-up of the drive with statorflux-oriented current model flux synthesis that does not use any speed signal. The current model (using the speed signal) flux vector synthesis was originally used by Blaschke for direct vector control servo-type drive (which can operate from zero speed) and will be defined as the III. START-UP SCHEME As discussed before, the machine is started with the help of a current model, but no speed signal at zero speed, and then transitioned to the standard direct vector-control mode. The standard stationary frame current model equations (also known as Blaschke equations) can be given as [4] in (1) and (2) 
Equations (7) and (8) give current model or Blaschke equations for stator-flux vector estimation. These equations will be used without the speed signal at zero speed to start the machine. Substituting !r = 0 in (7) 
A block diagram to solve stator fluxes s qs ; s ds is shown in Fig.   1(b) . The equations are actually implemented in discrete time. The current derivative di s qs =dt (or di s ds =dt) in discrete time is basically an increment or decrement of current in a sampling time of computation, irrrespective of magnitude of current at any speed. With a 32-b digital signal processor (DSP) (TMS320C30), this computation can be very precise. Note that this block diagram is valid to start the machine with stator-flux-oriented vector control strictly at zero speed. Fig. 1(c) shows the transition between the start-up (B.E.) mode and the regular vector control (DVC) mode. In the B.E. mode, the rated flux is established in the beginning before applying the torque command (see Fig. 2 ) which is proportional to i 3 qs . Then, as the command torque (i.e., ji 3 qs j) exceeds a threshold value (ki qsr , where iqsr corresponds to rated torque), the drive transitions to DVC mode with a time delay t d . This delay is programmed to be inversely proportional (t d i 3 qs = k) to the magnitude of i 3 qs . This can be explained as follows. As the command torque (positive or negative) is established at the stand-still condition of the drive, the actual torque and the corresponding speed develops with a time delay that is inversely proportional with the magnitude of the torque. Therefore, transition to DVC mode occurs before the drive develops speed, because the B.E. mode is invalid at any finite speed. Again, the DVC mode operates satisfactorily above a minimum threshold frequency (typically, 0.33 Hz). Therefore, transition to DVC mode can occur above a threshold accelerating torque (i.e., slip frequency). The satisfactory time delay (td) can be determined by a test on the drive. As the drive speed slows down in DVC mode, the frequency also decreases proportionately. Below a threshold speed, the drive operation is disabled and transitions to B.E. mode before starting again. The frequency (! e ) can be computed with reasonable accuracy 
In Fig. 1(c) , the typical range of k is 0.2-1.0 and the corresponding range of t d is 300 ms-30 ms. Note that, in B.E. mode, strongly parameter sensitive flux-vector estimation will tend to give some mismatch with that of DVC mode and may cause some jerk at transition. This has to be fine tuned by on-line parameter correction.
IV. PERFORMANCE EVALUATION
A complete drive system with the new start-up scheme, as shown in Fig. 1(a) , was designed, and performance was verified by simulation study. Fig. 2 shows the smooth performance for several transitions between the B.E. and DVC modes. Note that the B.E. mode is activated for the second time when the drive is disabled at zero torque but finite speed. Fig. 3 shows the jerky start-up if an attempt is made to start the drive directly in the DVC mode. The control system including the start-up method is being implemented with a TMS30C30-type DSP, and the experimental results of the total drive system will be reported in the future.
V. CONCLUSION
A zero-speed start-up method has been developed and investigated for a speed sensorless induction motor drive that uses stator-fluxoriented direct vector control. The stationary frame current model of the machine (Blaschke equations) without a speed signal has been modified for stator-flux vector estimation and used to start the machine and, then, switched to standard direct-vector-control mode at zero speed. The start-up scheme has been verified by simulation study and its performance was found to be excellent. It is being implemented on a 100-kW electric vehicle drive with a TMS320C30-type DSP, and the experimental performance of the total system will be reported later.
